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Summary

Phylogenetic and diversity analysis of the mtDNA con-
trol region sequence variation of 821 individuals from
Europe and the Middle East distinguishes five major
lineage groups with different internal diversities and di-
vergence times. Consideration of the diversities and geo-
graphic distribution of these groups within Europe and
the Middle East leads to the conclusion that ancestors
of the great majority of modern, extant lineages entered
Europe during the Upper Paleolithic. A further set of
lineages arrived from the Middle East much later, and
their age and geographic distribution within Europe cor-
relates well with archaeological evidence for two cultur-
ally and geographically distinct Neolithic colonization
events that are associated with the spread of agriculture.
It follows from this interpretation that the major extant
lineages throughout Europe predate the Neolithic
expansion and that the spread of agriculture was a sub-
stantially indigenous development accompanied by only
a relatively minor component of contemporary Middle
Eastern agriculturalists. There is no evidence of any sur-
viving Neanderthal lineages among modern Europeans.

Introduction

Current Theories on European Population Structure
Genetic interpretations of European prehistory have
hitherto been based largely on the analysis of classical,
nuclear-encoded protein polymorphisms. Cavalli-Sforza
and others (Ammerman and Cavalli-Sforza 1984; Ca-
valli-Sforza et al. 1993, 1994; Sokal 1991; Sokal et al.
1991) have assimilated extensive data on allele frequen-
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cies and, by principal component analysis or spatial cor-
relation analysis, compiled synthetic gene maps that
demonstrate geographic clines. The overall topological
similarity between the genetic map produced by the first
principal component and an archaeological map of ra-
diocarbon dates tracing the spread of farming from the
Near East led to the formulation of the demic diffusion
model (Ammerman and Cavalli-Sforza 1984). In this
model, there is a slow expansion of people from the
Neolithic source population into Europe that is driven
by population growth resulting from agricultural sur-
pluses and either displacing or absorbing the less numer-
ous Mesolithic hunter-gatherer populations as it pro-
ceeds. The demic diffusion model predicts a dramatic
effect on the European gene pool, and, though never
precisely quantified, an implied consequence is that the
major component of the modern European gene pool
is derived from Near-Eastern farmers rather than the
indigenous Mesolithic population (Bodmer and Cavalli-
Sforza 1976).

Its opposing model, cultural diffusion, proposes that,
on the contrary, there was minimal intrusion of peoples
from the Near East but that some of the local hunter-
gatherer groups in Europe entered the Neolithic either
independently or as a result of the diffusion of ideas
and the trade of crops (Dennell 1983). An intermediate
model, pioneer colonization, assumes some role for mi-
grations from Western Asia to Europe but sees this in
terms of selective colonization by fairly small groups
(Zvelebil 1986; Willis and Bennett 1994; van Andel and
Runnels 1995).
Here we examine which, if any, of these models best

explains the observed distribution of mtDNA lineages
in Europe. Mitochondria are maternally inherited and
nonrecombining, and the effectively haploid genome ac-
cumulates mutations faster than nuclear DNA. The most
variable region of the mitochondrial genome is the 1,122-
bp noncoding control region between bp 16024 and
00576 (numbering after Anderson et al. 1981) within
which the variation is concentrated in two regions (I
and II) (Stoneking et al. 1991). Control region variation,
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as well as restriction site polymorphism throughout the
mitochondrial genome, has been used extensively to
study the evolution of modern populations (e.g., Cann
et al. 1987; Horai et al. 1990; Ward et al. 1991; Vigilant
et al. 1991; Torroni et al. 1994; Graven et al. 1995). As
a method, it differs from allele-frequency-based surveys
of nuclear-encoded variants in several respects: (i) the
variation is very extensive and is not scrambled by re-
combination; (ii) the effective population size is roughly
one quarter of that for nuclear variants, which enhances
the effect of drift; (iii) being maternally inherited, only
female lineages are relevant; and (iv) deducing the phylo-
genetic relationships within and between haplotype clus-
ters is relatively straightforward and allows divergence
and expansion times to be estimated.

Subjects and Methods

Sample Collection and Processing
Samples, for which most of the maternal grandmoth-

ers were from rural districts, were collected with in-
formed consent from the following populations (fig. 1):
northern Germany (107, including northwest Germany
[67], northeast Germany [24], and the north Frisian is-
lands, mainly Fohr [16]); Bavaria (49, from Altotting
[35] and Bad Tolz [14]); Denmark (33, from Jutland
[16] and the Baltic islands [17]); Wales (92, from North
Wales [Clwyd and Gwynedd, 75], mid-Wales [Dyfed
and Powys, 11], and south Wales [Glamorgan and
Gwent, 6]); Cornwall (69); Finland (29, widely distrib-
uted over central and southern Finland); the Basque
country (47 from Alava and 14 from Vizcaya); northern
Spain (30 Spanish-speaking immigrants from Alava);
Portugal (30); and Turkey (22). Three further data sets
were incorporated into the analysis: Sardinia (69) and
the Middle East (42) (Di Rienzo and Wilson 1991), Swit-
zerland (74) (Pult et al. 1994), and "U.K. Caucasians"
(100) (Piercy et al. 1993).
DNA was extracted from hair roots or blood spots

by use of the Chelex method (Walsh et al. 1991), or
from whole blood by standard methods, and amplified
and sequenced across the first hypervariable segment of
the control region between positions 16090 and 16365,
using the Dynal method for the isolation of single-
stranded DNA and the Sequenase version 2.0 kit as de-
scribed by Sykes et al. (1995). mtDNA was amplified
using primers con Li (5' TCA AAG CTT ACA CCA
GTC TTG TAA ACC) and con H2-B (5' TGA TTT
CAC GGA GGA TGG TG, biotinylated at the 5' end),
and the L-strand was sequenced using con L2 (5' CAC
CAT TAG CAC CCA AAG CT) or con L3 (5' AAG
CAG ATT TGG GTA CCA CC); the H strand was se-
quenced as described by Sykes et al. (1995). When hap-
lotypes contained an intact polycytosine tract between
16184 and 16193, band blurring occurred beyond the

tract distal to the sequencing primer because of length
heteroplasmy, and it was necessary to sequence toward
the tract from both ends (Bendall and Sykes 1995).

Statistical and Phylogenetic Methods
Simple haplotype diversity (h), an estimate of the

probability that two individuals picked at random from
a population have different haplotypes but which disre-
gards their phylogenetic relationships, was estimated as
per the method of Nei (1987). Mean pairwise differences
were computed using the program MacPairwise (Ma-
caulay and Micklem 1995). Minimum divergence times
were estimated from these differences by using transver-
sional divergence between the human and chimpanzee
consensus sequences (Morin et al. 1994) on the assump-
tion of a transition-to-transversion ratio of 30:1 (Ward
et al. 1991). Phylogenetic analysis was performed using
reduced median networks, which display the principal
character relationships present in the data and resolve
likely parallel events while retaining character conflicts
in the form of reticulations when ambiguity remains
(Bandelt et al. 1995). Lineage groups were defined as
clusters of haplotypes deriving from a putative common
ancestor and separated from other haplotypes by one or
more mutations. Reliability of phylogenies was evalu-
ated qualitatively, since no appropriate quantitative
evaluation (such as bootstrapping) is yet available for
either networks or trees constructed from intraspecific
data (see appendix).

Results

Diversity Analysis
Diversity analysis reveals a European population hav-

ing considerable haplotype diversity, with most of the
haplotypes (77%) occurring only once and consequently
very few being shared even between adjacent popula-
tions. The haplotype diversity values (Nei 1987) show
high diversity within all European populations (range
0.93-0.98; average 0.96), whereas mean pairwise dif-
ference estimates show relatively low values (range
2.66-4.08; average 3.62) (table 1). Mean pairwise com-
parisons and derived genetic distance estimates were
also comparatively low between most populations, a
finding that left the authors of earlier reports less than
sanguine about the prospects for mtDNA analysis in
Europe (Pult et al. 1994; Bertranpetit et al. 1995). Rela-
tively few interpopulation diversities were statistically
significant in a permutation test (Hudson et al. 1992)
(table 2), although it is important to note that two popu-
lations descended from a common ancestor will not be
discriminated by intermatch pairwise comparisons if the
branch lengths are the same, even if the variants accumu-
lated are different. (This explains the lack of discrimina-
tion between different European populations when us-
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Figure 1 Location of sampling sites. 2 = Western Turkey; 3 = southern and central Finland; 4 = Switzerland (Pult et al. 1994); 5 =
Bavaria; 6 = northern Germany; 7 = Denmark; 8 = Iceland; 9 = Wales; 10 = Cornwall; 11 = Sardinia (Di Rienzo and Wilson 1991); 12 =
Alava and Vizcaya; 13 = northern Spain; and 14 = Portugal. Sites 1 and 15 (not on the map) refer to the Middle Eastern sample of Di Rienzo
and Wilson (1991) and the "U.K. Caucasians" of Piercy et al. (1993), respectively.

ing intermatch comparisons and the permutation test
reported by Pult et al. 1994.) There were differences
between the Middle East sample and all others in Eu-
rope. The only consistently significantly different Euro-
pean population by this test were the Basques, who also

had the lowest intrapopulation pairwise diversity. Uni-
modal distributions of pairwise sequence differences
such as is found in all European populations (not shown)
have been taken as evidence for demographic expan-
sions (Sherry et al. 1994), although it should be pointed
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Table 1

Sample Sizes, Number of Different Haplotypes, and Diversity Estimates for Europe, Turkey,
and the Middle East

Sample No. of Mean Pairwise Difference Diversity h
Location Size Haplotypes ± Standard Errord ± Standard Error

Middle Easta 42 37 6.76 ± .48 .993 ± .002
Turkey 22 18 4.09 ± .63 .957 ± .023
Finland 29 21 3.32 ± .46 .956 ± .018
Switzerland' 74 42 3.15 ± .27 .960 ± .009
Bavaria 49 35 3.75 ± .35 .981 ± .005
North Germany 107 69 3.87 ± .27 .973 ± .006
Denmark 33 19 3.29 ± .49 .930 ± .021
Iceland 14 12 3.85 ± .74 .962 ± .025
Wales 92 45 3.21 ± .28 .926 ± .014
Cornwall 69 43 3.59 ± .37 .955 ± .012
Sardiniaa 69 44 4.08 ± .43 .935 ± .017
Basques 61 34 2.66 ± .29 .926 ± .019
Spain 30 26 4.11 ± .40 .984 ± .009
Portugal 30 21 3.82 ± .59 .926 ± .028
All Europec 757 314 3.62 ± <.10 .959 ± <.001

a Data of Di Rienzo and Wilson (1991).
"Data of Pult et al. (1994).
c Includes data of Piercy et al. (1993) and excludes the Middle East and Turkey.
d Standard errors of mean pairwise differences estimated from 200 bootstrap replications of the data.

out that without a phylogenetic analysis dating such
events would be meaningless (because different clusters
may have expanded at different times); furthermore,
non-starlike clusters are not amenable to dating in the
same way as star phylogenies.

Phylogenetic Analysis
The entire data set is too large and contains too many

character conflicts to be displayed in a phylogenetic dia-
gram, as younger haplotypes distort the ancestral struc-
ture through recent parallelisms (H. Wilkinson-Herbots,
M. Richards, P. Forster, and B. Sykes, unpublished
data). Because of this, we focus on the haplotypes repre-
sented more than once in Europe since, on the assump-
tion of neutrality in a young expanding population, the
more frequent haplotypes tend to be older (Donnelly
and Tavare 1986) and therefore generate a clearer net-
work topology. These are compiled, along with their
geographic distribution, in table 3. We have used re-
duced median networks to explore the phylogenetic rela-
tionships between these haplotypes (Bandelt et al. 1995).
Missing ancestral haplotypes were reconstructed by this
method in the form of empty nodes, which were checked
against our worldwide mtDNA database, and most of
these could indeed be filled with singly occurring Euro-
pean or Middle Eastern haplotypes. The result is a net-
work (fig. 2) with remarkably few empty nodes, which
provides a skeleton with which to examine the general
topological features of European mtDNA diversity.

Only 93 of the 314 European haplotypes are more than
one mutational step away from any haplotype in this
network (62 at two, 17 at three, 7 at four, 4 at five, and
3 at six steps away). These fit readily into the groupings
we describe below, with the exception of seven se-
quences that resemble extant African haplotypes (Vigi-
lant et al. 1991; Graven et al. 1995).

Identification of Different Lineage Groups
The most striking and unusual feature of this skeleton

network, and also networks drawn for individual Euro-
pean populations, is the starlike phylogeny in which the
consensus haplotype is by far the most frequent, at
-20%, in all European populations with the exception
of Iceland (for a network analysis of a number of other
data sets, see Bandelt et al. 1995). Although most haplo-
types in this skeleton network are within two mutational
events of the consensus haplotype (which is identical to
the Cambridge Reference Sequence (CRS) of Anderson
et al. 1981) and the star pattern is characteristic of a
population expansion from that root (Castelloe and
Templeton 1994), several branches protrude signifi-
cantly beyond this limit. A number of independent lines
of evidence suggest that most of these branches are not,
in fact, derived from the European CRS but are the result
of a more ancient expansion from a common root and
should be grouped separately. The most compelling
comes from an examination of the data of 100 "U.K.
Caucasians," in which sequences from both regions I
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and II of the mitochondrial control region are presented
(Piercy et al. 1993). An apparently stable A-G transi-
tional variant at bp 00073 in region II segregates the
region I haplotypes roughly in half between the CRS
together with most of its close neighbors (A at position
00073) and four longer branches (H. Wilkinson-Her-
bots, M. Richards, P. Forster, and B. Sykes, unpublished
data). These all have G at bp 00073, and are defined in
region I by transitions relative to the CRS at 126, 223,
224-311, and 270, respectively (here, and henceforth,
omitting the 16000 prefix, for simplicity). Region II se-

quencing from >50 of our sample confirmed the segre-

gation, and we used this correlation to divide our Euro-
pean data set into the five lineage groups in figure 2.
Group 1 is the CRS and its derivatives, defined by

default after subtracting groups 2 to 5. Group 2 is char-
acterized by a transition at 126. Several of the ancestral
haplotypes, including the deepest node within this
branch, are not found in Europe but in the Middle East
(Di Rienzo and Wilson 1991) where the branch as a

whole occurs at a much higher frequency (almost 50%).
Group 2 splits into two subgroups: one with a transition
at 069 and a second with a transition at 294. These two
subgroups both occur in the Europeans of the studies
by Di Rienzo and Wilson (1991) and Piercy et al. (1993).
However, only in the Middle East do we find the ances-

tral state of both of these branches: a transition at 126
unaccompanied by transitions at either 069 or 294. We
consequently sequenced our group 2 individuals to
16069 and added the character to figure 2. We refer to
the former branch (069-126) as group 2A, and the latter
branch (126-294) as group 2B. Group 3A, characterized
by the transitional motif 129-223, is also found in the
Middle East and corresponds to haplogroup I of Torroni
et al. (1994, p. 769), which they consider to be "one of
the most ancient Caucasian-specific lineages." It is part
of a much broader group 3 which differs from the CRS
by the transition at 223 (and at 00073) and which on

the available data appears to encompass most of the
extant mtDNA variation in Asia and Africa (e.g., Horai
et al. 1991; Vigilant et al. 1991; Graven et al. 1995;
Sykes et al. 1995).

The two other lineage groups have not yet been de-
scribed outside Europe. Members of lineage group 4 share
the transitional motif 224-311. The root haplotype is the
fourth-most-common in Europe and was recovered from
the 5,300-year-old Tyrolean Iceman (Handt et al. 1994).
At first sight, it appears to be derived from haplotype 21
(table 3) defined by a transition from the CRS at position
311. However, ancestral haplotypes in a young, ex-

panding population are expected to be not only frequent
but to have numerous radiating branches (Castelloe and
Templeton 1994). In fact, haplotype 21 has fewer such
branches than does its seeming derivative with the transi-
tion at position 224. Position 00073 confirms that this
lineage does not derive from the European CRS. In analo-
gous fashion, the longest branches in the skeleton network
do not converge on the CRS but rather on a haplotype
defined by a transition at position 270 (and at 00073).
This cluster also includes a central node, defined by transi-
tions at positions 270 and 192, which does not appear to
exist any longer in any population sample. We refer to
this cluster as group 5.

In conclusion, only the shorter branches displayed in
the network are plausible descendants of the European
CRS. (Haplotype 5, which has a G at position 00073,
is a possible exception; it may either have originated
earlier than the 00073 mutation or have undergone re-

version, but it is not considered further here.) The five
groups converge on a more ancient haplotype with the
sequence of the CRS in region I but distinguished at bp
00073 in region II, which is identical to the Middle East
consensus, suggesting an eastern origin for European
mtDNA, and comparisons with global data suggest that
this ancient haplotype itself is likely to be an offshoot
of group 3.
The existence of these groups receives independent

support from a combined RFLP and sequencing ap-

proach on 48 Italian lineages (A. Torroni, K. Huponen,
P. Francalacci, M. Petrozzi, L. Morelli, R. Scozzari, D.
Obinu, M. L. Savountaus, and D. C. Wallace, unpub-
lished data). Group 1 is equivalent to haplogroup H,
group 2A to haplogroup J. group 3A to haplogroup I,

and group 4 to haplogroup K of Torroni et al. (1994).

Figure 2 European skeleton network, a reduced median network constructed from the 82 haplotypes occurring at frequency :2 Europe,
using our data and those of Di Rienzo and Wilson (1991), Piercy et al. (1993), and Pult et al. (1994). Unfilled circles are haplotypes; the circle
area is proportional to the haplotype frequency. The smallest circles are singly occurring haplotypes from a global database, which fill nodes
in the skeleton. The eight small unfilled circles are European, whereas the three shaded circles represent singly occurring haplotypes from the
Middle East (Di Rienzo and Wilson 1991). Nodes remaining empty after this search are represented by black points. The numbers on the
branches denote mutations and correspond to base positions, less 16000, in the CRS (Anderson et al. 1981) at which mutation events have
occurred. Transversions are defined, but transitions do not require further definition. The single insertion of a cytosine in the region 16290-
292 is denoted 289i. Positions at which parallel mutations have been uncovered by network reduction are underlined. Reticulations in the
network indicate parallel events, which cannot be resolved by this method. Base notation is given only once in any reticulation but is the same
in parallel connections with it. In view of the partial information on position 00073, we have further reduced one cube by favoring one-step
connections, thus postulating a parallel event at position 16311. Dotted lines delineate the five lineage groups identified. Only one haplotype
(74) may be associated with more than one group (namely, groups 1 and 5) as a result of recurrent mutation (H. Wilkinson-Herbots, M.
Richards, P. Forster, and B. Sykes, unpublished data), in this case at position 16270.
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In addition, group 2B matches haplogroup T, group 5
approximates haplogroup U, and group 3 as a whole
encompasses haplogroups I, W, and X (A. Torroni, K.
Huponen, P. Francalacci, M. Petrozzi, L. Morelli, R.
Scozzari, D. Obinu, M. L. Savountaus, and D. C. Wal-
lace, unpublished data). It should be noted that a tree-
based bootstrap analysis of our data would not resolve
these groups clearly and, in particular, would be unable
to distinguish the earlier from the later CRS expansion.

Geographic Patterns
Next we examined whether there is any geographic

pattern in the frequency distribution of the lineage
groups within Europe (table 4). Group 1 is by far the
most frequent in all European populations, accounting
for nearly two-thirds of the total, and with the highest
frequency among the Basques (corroborated by the re-
cent data of Bertranpetit et al. 1995). Group 4 is also
widely distributed but at a much lower frequency, aver-
aging 7%. Group 5 lineages are also uncommon but
widespread in Europe, at around 7%, but are unusually
common in Finland, where they reach 21%, possibly
suggesting Saami influence (Sajantila et al. 1995). Like
group 4, they are absent in other parts of the world
sampled to date. Group 3 lineages are even less frequent
in Europe, and 3A lineages are confined within our sam-
ple mainly to Britain. They are also found in the Middle
East, and most 3A members share transitions at 129-
223-311 with Papuan lineages (Sykes et al. 1995).
The most intriguing distribution is found within

group 2. While group 2B is widespread and consistent
at -8%, 2A lineages vary widely in frequency within
Europe, where the range is from 2% (Basques) to 22%
(Cornwall). This group also shows a very interesting
geographic substructure. Western Europeans and cen-
tral/north-central Europeans share some deep nodes
(namely, haplotypes 45, 46, and 48), but others are geo-
graphically specific. A western European cluster (2A-W)
found in Wales and Cornwall comprises haplotype 54
and its derivatives, while a central European cluster (2A-
C) found in Denmark, Germany, Switzerland, and Fin-
land comprises haplotype 52 (three steps from haplotype
54) and its derivatives. Both clusters are found among
the "U.K. Caucasians" of Piercy et al. (1993). It is strik-
ing that, in the Middle East, but not elsewhere in the
world, we find the two missing ancestral haplotypes that
link the western and central European clusters. Finally,
we also find the ancestral haplotype of the entire group
2 branch (with a single transition at position 126) in the
Middle East but in none of our European samples or
elsewhere. This pattern strongly suggests that group 2A
lineages originated in the Middle East and that several
different lineages migrated into Europe, splitting into
the western and central European clusters but having

little impact on the Iberian peninsula, especially the
Basque country.

Intragroup Diversities
The pairwise sequence diversity that has accumulated

within groups can be used, in conjunction with an ap-
propriate mutation rate, to give an estimate of their min-
imum divergence times from a common ancestor (table
5). With this treatment, group 3 emerges as the oldest
of the European lineage clusters, with a divergence time
of 50,500 years, although whether this divergence oc-
curred entirely in Europe is open to question, since this
group includes several singly occurring outliers resem-
bling modern African and Asian haplotypes (in the data
of, e.g., Horai et al. 1991; Vigilant et al. 1991; Graven
et al. 1995; Sykes et al. 1995). However, group 3A, in
agreement with Torroni et al. (1994), is among the old-
est apparently Caucasian-specific lineage groups in Eu-
rope, with a minimum age of -34,000 years. Groups
2B and 5 are similar in age to group 3A, dating to
-35,500 and 36,500 years, respectively. Groups 1 and
4 are both considerably younger, at 23,500 and 17,500
years, respectively, and group 2A also dates to 23,500
years.

These minimum ages would only correlate with ar-
rival or expansion times in Europe if there were little or
no diversity within the colonizing groups. To evaluate
this, we examined the European and Middle Eastern
populations for shared haplotypes and nodes since, in
most cases, a haplotype evolves only once, and each
match then represents an instance of migration. Among
group 1 lineages there was a conspicuous absence of
the root (CRS) haplotype in the Middle East sample,
although a reduced median network for the Middle East
(not shown) reveals that, even though not in the sample,
it is present as an intermediate node separating groups
2 and 3. This suggests that, although the source of group
1 had its origins in the Middle East, the bulk of the
current diversity arose in Europe and the correlation
between age and arrival/expansion time is not unduly
distorted. Groups 4 and 5 have not yet been found out-
side Europe, so the preexisting diversity in the source
population cannot properly be estimated, although, if
they too had Middle Eastern origins, the ancestral hap-
lotypes are now very rare or extinct, so it is likely that
the diversity seen within Europe has, for the most part,
developed locally. Group 3 is well represented in the
Middle East, and its divergence time in Europe is there-
fore subject to some uncertainty.

It is striking that group 2 as a whole dates to nearly
60,000 years in the Middle East, where we find the
ancestral node of the branch with many derivatives in
addition to the 2A and 2B clusters. Group 2B occurs in
the Middle East at low frequency, where its diversity is
similar to that in Europe (dating to 42,000, as against
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Table 5

Mean Pairwise Differences (mpd), Standard Errors (SE), and
Estimated Minimum Divergence Times (years) for Lineage Groups
in Europe and the Middle East

EUROPEa MIDDLE EASTb

Divergence Divergence
GROUP mpd ± SE Timec mpd ± SE Timec

1 2.25 ± .10 23,500 5.01 ± .66 52,500
2 3.46 ± .20 36,500 5.47 ± .51 57,500
2A 2.22 ± .23 23,500 2.38 ± .81 25,000
2A-C .57 ± .20 6,000 ...

2A-W 1.20 ± .57 12,500 ... ...

2B 3.40 ± .21 35,500 4.00 ± 1.87 42,000
3 4.81 ± .49 50,500 6.20 ± 1.22 65,000
3A 3.11 ± .45 34,000 2.00 21,000
4 1.69 ± .22 17,500 ... ...

5 3.46 ± .24 36,500 ... ...

a Data of authors, Di Rienzo and Wilson (1991), Piercy et al. (1993),
and Pult et al. (1994).

b Data of Di Rienzo and Wilson (1991).
c Standard errors of mean pairwise differences estimated from 200

replications of the data.
d Using a divergence rate of 1/10,500 years and given to the nearest

500 years.

35,500, years). Group 2A is younger but also has similar
diversity in the Middle East and Europe (dating to
-25,000 years). However, since we find both ancestral
haplotypes separating the western and central European
2A clusters only in the Middle East, and never in Europe,
implying at least two distinct founding lineages, we esti-
mated the ages of the western and central European
clusters separately (table 5). This results in minimum
age estimates of 12,500 years in western Europe and
only 6,000 years in central/northern Europe.

Discussion

Archaeological Context for mtDNA Haplotypes
The beginning of the Upper Paleolithic 40,000-

50,000 years ago marks the first appearance of anatomi-
cally and behaviorally modern humans in Europe, prior
to which it had been occupied by the Neanderthals for
>250,000 years (Stringer 1993). Although the estima-
tion of divergence times is by no means uncontroversial,
it is extremely unlikely that the majority of contempo-
rary European lineages are derived from Neanderthals,
since it would require at least an eightfold overestimate
of the mutation rate to accommodate a minimum diver-
gence time of 300,000 years from the mean pairwise
difference value for all European haplotypes. Further-
more, no individual lineages in our extensive data set
are sufficiently diverged to be realistically attributed to
Neanderthal ancestors. We conclude (in agreement with

Torroni et al. 1994) that there are no surviving Neander-
thal lineages among the sample, supporting the view
that Neanderthals became extinct (Mellars 1992) and,
though coexisting in Europe with anatomically modern
humans, did not interbreed to any significant extent.
The approximate coincidence of divergence times for

groups 2B, 3A, and 5 (at -35,000 years) suggests to us
that these most diverse lineage groups were brought into
Europe during the early Upper Paleolithic colonization
by anatomically modern humans. However, these three
lineage groups account for <20% of the modern Euro-
pean sample. The major groups, 1 and 4, which together
comprise nearly 70% of European haplotypes, are con-
siderably younger. Both show starlike patterns of expan-
sion from their respective root haplotypes at some time
since 25,000 years ago. These expansions may have been
linked to climatic improvements following the end of
the last Ice Age (Gamble 1986). However, they appear
to have been confined to only these two groups, whereas
a general improvement in conditions might be expected
to benefit all lineage groups extant at the time. An inter-
pretation of the genetic evidence would favor new colo-
nizations and/or selective expansions by the ancestors
of groups 1 and 4 after -25,000 years ago, perhaps
accompanying postglacial climatic change.
The most important influence of the Middle East on

Europe since the Upper Paleolithic was the spread of
agriculture 10,000-6,000 years ago. It has been sug-
gested on the basis of archaeological evidence that there
were two Neolithic colonization routes from the Middle
East through Europe, one through central to northern
Europe and another around the west Mediterranean lit-
toral and possibly up the Atlantic coast of France to
Britain (Renfrew 1987). These two routes are linked to
the development of the archaeologically defined ceramic
cultures, the LBK (Linienbandkeramik) of Central Eu-
rope and the Impressed Ware and Cardial Ware com-
plexes of the Mediterranean coastline and Atlantic west.
The Neolithic transition reached the Mediterranean ear-
lier than Central Europe, and there was initially minimal
Neolithic penetration of the Iberian peninsula (Whittle
1985). These archaeological findings correlate remark-
ably well with the geographic origin, ages, and distribu-
tions of the western and the central European group 2A
clusters. The ancestral haplotypes of both groups trace
back to Turkey and the Middle East, the western cluster
is older than the central cluster, and marker haplotypes
for these two groups do not overlap geographically in
their respective regions in spite of being very widespread.
Different regions of Europe have different frequencies
of group 2A: ~-12% in north and north-central Europe,
18% in northwestern Europe, 6% in Sardinia, and only
-°5% in the Iberian peninsula. The lack of evidence for
a clear northwest-southeast gradient may imply that,
as archaeologists have suggested, Neolithic colonization
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was much more heterogeneous than the demic diffusion
model implies (Zvelebil 1986; Willis and Bennett 1994).
It should be possible to test these hypotheses by the
analysis of ancient DNA extracted from skeletal remains
at relevant archaeological sites.
Our interpretation of the mtDNA data is that the

majority of modern Europeans are descended from the
settlement of Europe by anatomically modern humans
during the Upper Paleolithic with expansion of selected
groups at around the end of the last Ice Age. We see

evidence of later colonization from the Middle East,
which appears to coincide with the spread of agriculture.
Its distribution is well defined, but the overall demo-
graphic influence on modern Europeans is relatively
small. Of the three models for the spread of agriculture
outlined earlier, our interpretation favors the pioneer
colonization model, whereby there was selective pene-

tration by fairly small groups of Middle Eastern agricul-
turalists of a Europe numerically dominated by the de-
scendants of the original Paleolithic settlements. The
ensuing conversion of this population from a hunter-
gatherer-fishing economy to one based on agriculture
would then have been achieved by technology transfer
rather than large-scale population replacement.

Comparison with Other Current Models
Although arguing for a demic component in the trans-

fer of the Neolithic to Europe, our interpretation differs
from the conclusions of previous investigators (Ammer-
man and Cavalli-Sforza 1984; Cavalli-Sforza et al. 1993,
1994; Sokal 1991; Sokal et al. 1991), which have em-

phasized, though not precisely quantified, the genetic
contribution of the Neolithic immigrants. How can this
disagreement be accounted for when both models rely
on genetic evidence?

Dating branching events is controversial, and a faster
rate for the molecular clock (such as that calculated
from coalescent theory by Lundstrom et al. 1993) might
suggest that the peak of group 1 branching events from
the CRS detected in our analysis of mtDNA using pair-
wise comparisons represent Neolithic rather than Paleo-
lithic incursions.
Our analysis argues against such an interpretation.

Every European population shows the same pattern of
divergence from the CRS, and the CRS frequency is
similar throughout the continent. Indeed, it is highest
among the Basques, who, in addition to being the only
Western Europeans speaking a non-Indo-European lan-
guage, have long been recognized as the most genetically
unusual population as well as one in which the demo-
graphic influence of agriculturalists is thought to have
been the least. If, as is thought, the Basques are de-
scended from a pre-Neolithic population, then one

would have expected a low frequency of the CRS and its
recent derivatives if the latter were to represent Neolithic

intrusion. In fact, the reverse is the case within the
Basques, both in our data and that of Bertranpetit et al.
(1995): they have the highest group 1 frequency in Eu-
rope and, because of this, the lowest overall pairwise
sequence diversity. It may be that the Basque population
appears as a distinctive outlier in most classical genetic
analyses not because it is the sole relict of a pre-Neolithic
population but rather because of a long period of isola-
tion and genetic drift that has accentuated allele fre-
quency differences at some loci compared with other
European populations. It is interesting that the small
sample of Finns, who also speak a non-Indo-European
language, do not resemble the Basque pattern but are
distinguished by an unusually high frequency of group
5, which may be attributable to Saami influence, since
group 5 includes a haplotype motif present at high fre-
quency in the Saami (Sajantila et al. 1995), who also
speak a Finno-Ugric language.

If the first principal component truly reflects the
spread of agriculture our data imply that, in the absence
of some form of sexual selection (Bodmer 1993), a small
number of incoming lineages had a dramatic effect on
the genetic landscape of Europe. However, other inter-
pretations are possible. A recent investigation of alterna-
tive models examining the southeast-northwest nuclear-
encoded allele frequency cdine, which forms the basis
of the demic diffusion model, suggests there is little to
differentiate between an expansion from the Middle
East into a Europe with a low-density hunter-gatherer
population that was progressively absorbed and an
expansion into an essentially "empty" Europe (Barbu-
jani et al. 1995). Therefore, it seems theoretically possi-
ble that the dine was established not by Neolithic immi-
gration but by earlier Upper Paleolithic colonizations
that, our analysis suggests, brought with them the ances-
tors of most modern Europeans.

Overall, this work shows that mtDNA control region
haplotype analysis, in conjunction with appropriate
phylogenetic treatment, is not only capable of revealing
population structure and origins on the widest intercon-
tinental scale but also has the resolving power to disen-
tangle even relatively homogeneous populations such as
that of Europe.

Appendix
Phylogenetic Reconstruction

We have used reduced median network construction
(Bandelt et al. 1995) as the basis of our phylogenetic
analysis, in preference to traditional tree-construction
methods, such as maximum parsimony (MP) or neigh-
bor-joining (NJ) in conjunction with bootstrapping.
These methods, which were developed for interspecific
data, are not appropriate for our intraspecific data, in
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Figure Al Unrooted NJ tree constructed using the NEIGHBOR program of the PHYLIP package version 3.57e (Felsenstein 1989) from
the same data set as figure 2. Haplotype numbers are labeled, and groups 1-S distinguished.

which the sequences are very closely related. The skele-
ton network (fig. 2) is almost entirely one-step con-

nected, that is to say, there is only a single mutational
step between any two adjacent haplotypes in most cases.

However, there are regions of ambiguity resulting from
recurrent mutations that need to be identified rather
than arbitrarily resolved.

Bootstrapping could in principle be applied to median
networks but would be quite inappropriate for testing
the reliability of the topology. It is straightforward to
demonstrate this simply by considering what happens
during the resampling of simple cases. Bootstrapping
requires a branch length of three mutations in the ab-
sence of homoplasy in order that the probability that
the branch be resampled reach 95% (Felsenstein 1985).

Branches that comprise a single mutational step, but
whose existence is strongly indicated by the presence of
haplotypes both with and without the mutation, would
receive quite low (only -63%) support, whereas each
link between any four haplotypes forming a cycle in a

network would receive 43% support (Bandelt et al.
1995). In the latter case, one of the four possible span-

ning trees (each containing three of the four possible
links) might be favored, on the basis of coalescent the-
ory, by taking into account differences in haplotype fre-
quencies, information that a classical analysis would ig-
nore. Bootstrapping can therefore be misleading, since
it ascribes to branches values of supposed robustness
that are spuriously low in some instances and high in
others: in extreme cases, it even provides quite strong
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Group 2A
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Group 2B

,

Group 1

Group 4

Group 5

41
31

Figure A2 Unrooted NJ tree as in figure Al but postprocessed by rounding branch lengths to whole numbers. Haplotype numbers are
labeled, and groups 1-5 distinguished.

support for branches that are mere artifacts of the tree
reconstruction algorithm (Bandelt et al. 1995).
We therefore consider that no existing method use-

fully quantifies the robustness of branches for popula-
tion data, whether in tree or network form. However,
several lines of qualitative reasoning allow us to be con-
fident of the European skeleton network topology. Be-
cause the European population has undergone dramatic
expansions, established haplotypes have rarely been lost
and almost all of the ancestral nodes can be filled with
extant haplotypes. Therefore, there are few parts of the
branching structure that are not directly supported by
the evidence available. Furthermore, the network is pre-
dictive in the following sense: it is constructed using
haplotypes occurring more than once, and the network
generation algorithm introduces hypothetical intermedi-
ate nodes. Each of these nodes identifies a haplotype not

present in the data set used for the construction process
but potentially existing elsewhere, provided the recon-
struction is accurate. A search can be carried out for
these inferred haplotypes among a worldwide database
of all known sequences, including those occurring only
once. Of 22 empty nodes present in the network con-
structed from the 82 haplotypes occurring more than
once, we filled 8 from the European data and a further
3 from the Middle Eastern data, leaving only 11 empty
nodes in the final structure.
The topology itself further supports the conclusion

that the reconstruction is accurate. As predicted by coa-
lescent theory for a recently expanded population, the
most frequent haplotypes are the deepest in a starlike
pattern, with rare haplotypes at the tips (Donnelly and
Tavare 1986). Furthermore, the common haplotypes are
widely distributed geographically, as one would also ex-
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Figure A3 Unrooted majority-rule consensus of 4003 MP trees of length 102 constructed by a 24-h heuristic TBR run of the PAUP 3.1.1
package (Swofford 1993) from the same data set as figure 2. Haplotype numbers and consensus values are labeled, and groups 2-5 marked.

pect of older haplotypes (Templeton 1993). This is the
case for groups 1, 2A, and 4, which are the most recently
expanded groups on the basis of mean pairwise differ-
ences. Groups 2B, 3, and 5 give a different pattern, being
less starlike, implying greater age. This is supported by
the within-group diversities (which may, however, may
be underestimates for less starlike clusters). We would
readily admit that the clustering of non-starlike groups
is more debatable, but nevertheless plausible ancestral
haplotypes can be identified for each of the groups, with
additional supporting evidence coming from position

00073 (H. Wilkinson-Herbots, M. Richards, P. Forster,
and B. Sykes, unpublished data). It might be appropriate
to subdivide these groupings further when more data
become available; we note that the divisions between
RFLP haplogroups (A. Torroni, K. Huponen, P. Fran-
calacci, M. Petrozzi, L. Morelli, R. Scozzari, D. Obinu,
M. L. Savountaus, and D. C. Wallace, unpublished data)
match ours, and that their groups are further subdivided
in ways that could straightforwardly be matched with
control region sequences.

For comparison with the skeleton network, we show an
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1 74

81
82

Group 5

6 Group 3(-3A)

Figure A4 One randomly chosen unrooted MP tree of length 102 from the PAUP run detailed in figure A3, which is contained within
the network of figure 2. Haplotype numbers and branch lengths are labeled, and groups 2-5 marked.

unrooted NJ tree constructed from the same data set using
PHYLIP (Felsenstein 1989) (fig. Al). While this appears
superficially similar to the network, close examination re-
veals crucial differences. The algorithm does split groups
2A, 2B, 4, and 5 from group 1 cleanly but attaches group
3A and the remaining members of group 3 to group 1 at
different points. Group 3 is actually very heterogeneous,
since it is likely to be close to the root of the entire phylog-
eny, and in fact the full reduced median network would

allow this pathway, and classification of group 3A relies
on the presence of extant intermediates along one of the
pathways as well as additional information from position
00073 (see legend to fig. 2).
More seriously, group 1 itself is broken into two clus-

ters in the NJ tree with no fewer than 13 separate nodes
representing the CRS, making a total of 12 branches to
which no mutations can be assigned (for which we have
suggested the expression "ghost links"). There are many
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more examples of ghost links throughout the tree and
a total of 44 empty bifurcating nodes, in comparison
with just 9 in the network (before filling with singletons).
These links can be eliminated by postprocessing in the
manner of Nerurkar et al. (1993), by rounding branch
lengths up or down to whole numbers (fig. A2). Without
postprocessing, there are also numerous examples of
artifactually early branching caused by the presence of
parallel mutations: for example, haplotype 46 branches
before the rest of group 2A due to the presence of a
parallel mutation at position 189, haplotypes 70 and 71
branch before the rest of group 4 due to the presence
of parallel mutations at 93 and 129, respectively, 20
and 36 are pulled toward group 2 by the presence of
304, and 11 and 33 by the presence of 222. The entire
artifactual subgroup (8, 42, 14, 44, 18, 32, 34, 24, 29,
35) presumably could be explained in the same way.
Again, rounding branch lengths up or down corrects the
problem in this example.
The processed NJ tree resembles a putative MP tree

101 steps in length (omitting the insertion); multiple
heuristic runs of the package PAUP (Swofford 1993)
indeed produce trees of 102 steps. However, problems
with MP approaches to mitochondrial data are notori-
ous (e.g., Goldman and Barton 1992). The consensus of
4,003 PAUP trees of length 102 found during one 24-
hour heuristic run does identify groups 2A, 2B, and 3A
on 100% of occasions and group 4 on 84% of occasions
(fig. A3), but this clearly leaves room for many possible
branching topologies. One of these, chosen at random,
is shown in figure A4: this also resolves group 5, but
group 3A has been arbitrarily connected to haplotype 3
rather than to haplotype 64. This also occurs in the
consensus tree, whereas in the NJ tree it attaches to
haplotype 21, the third possibility. We eliminated the
latter possibility from the network by checking for inter-
mediate haplotypes, but the network leaves open the
former two possibilities that can be formally resolved
only by incorporating additional information from site
00073 in the second hypervariable segment.
The final criticism of any tree is the general point

that in many cases the branching pathway cannot be
defended (and would not be chosen by MP, which
enumerates multiple trees) simply because it is unde-
cidable on the data available, and in such cases to
choose one pathway over another arbitrarily is mis-
leading. When no criterion for choice is available, it
is preferable that cycles be allowed to remain in the
topology so that areas of uncertainty can be isolated
and taken into account.
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